Cryptosporidiosis is one of the most common waterborne diseases reported worldwide. Outbreaks of this gastrointestinal disease, which is caused by the Cryptosporidium parasite, are often attributed to public swimming pools and municipal water supplies. Between the months of January and April in 2009, New South Wales, Australia, experienced the largest waterborne cryptosporidiosis outbreak reported in Australia to date. Through the course of the contamination event, 1,141 individuals became infected with Cryptosporidium. Health authorities in New South Wales indicated that public swimming pool use was a contributing factor in the outbreak. To identify the Cryptosporidium species responsible for the outbreak, fecal samples from infected patients were collected from hospitals and pathology companies throughout New South Wales for genetic analyses. Genetic characterization of Cryptosporidium oocysts from the fecal samples identified the anthroponotic Cryptosporidium hominis IbA10G2 subtype as the causative parasite. Equal proportions of infections were found in males and females, and an increased susceptibility was observed in the 0-to 4-year age group. Spatiotemporal analysis indicated that the outbreak was primarily confined to the densely populated coastal cities of Sydney and Newcastle.
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Emerging infectious diseases (EIDs) cause significant impacts on human and animal health. Protozoan parasites are the third most common cause of EIDs, with 10.7% of EID events over the last 64 years attributed to them (15) . Protozoan parasites of the genus Cryptosporidium, which are responsible for the gastrointestinal illness cryptosporidiosis, are one of the most important disease-causing agents in humans. Although 22 Cryptosporidium species have been described, over 90% of all reported human cryptosporidiosis infections are attributed to only two species, the anthroponotic C. hominis and the zoonotic C. parvum (18) . Cryptosporidium meleagridis, C. canis, C. felis, C. suis, C. muris, C. fayeri, C. ubiquitum, and C. cuniculus are also considered human pathogens (5, 9, 22, 26) . Cryptosporidium is transmitted between hosts via the oocyst, an environmentally robust endogenous life cycle stage that is resistant to the disinfectants used in water treatment. The oocyst is excreted in a fully infective form, and transmission is completed through the fecal-oral route. Chemical resistance and immediate infectivity coupled with a low infective dose make Cryptosporidium a significant threat to human health.
Waterborne disease transmission is the most common pathway for the spread of cryptosporidiosis (6) . The majority of waterborne outbreaks have been attributed to both C. hominis and C. parvum, but a recent outbreak in Northamptonshire, England, was caused by C. cuniculus (4, 28) . Species identification requires molecular tools due to morphological similarities exhibited within the Cryptosporidium genus. Numerous genetic markers are used for species-specific Cryptosporidium identification. However, the gp60 locus, which encodes glycoprotein 60, a highly variable surface antigen, is preferentially utilized in epidemiological investigations. The extensive sequence variation in gp60 enables grouping of Cryptosporidium into subtype families. For C. hominis, 6 subtype families have been identified, and for C. parvum, there are 11 subtype families (28) . Analysis of a microsatellite region that encodes serine repeats is used to further characterize C. hominis and C. parvum to what is termed the subtype level.
Differences in virulence and clinical manifestations have been observed between Cryptosporidium species and the subtype families. Cryptosporidium hominis infections, which are commonly associated with nonintestinal sequelae, are more virulent than those from C. parvum (12) . All C. hominis infections cause diarrhea; however, subtype family Ib is the most virulent and is associated with nausea, vomiting, and general malaise (3) . The number of waterborne outbreaks caused by C. hominis Ib, particularly the IbA10G2 subtype, support the high virulence of this subtype family (28) .
Despite good hygiene, sanitary living conditions, safe food and water supplies, and access to medicine (immunizations and antibiotics), Australia's east coast has been identified as an EID hot spot (15 
MATERIALS AND METHODS
Sample sources, parasite enumeration, and DNA extraction. Five hundred eighty-nine fecal samples positive for Cryptosporidium were obtained from hospitals and pathology companies in New South Wales, Australia. Patient names were removed from samples to maintain privacy. All specimens were identified as Cryptosporidium positive by the pathology companies, using the Remel ProSpecT Giardia/Cryptosporidium microplate assay. Oocysts were purified from feces using a sucrose flotation gradient (25) , and DNA was extracted using PrepGem (Zygem Corporation Ltd., Hamilton, New Zealand) (10) . Oocysts were stained with the Cryptosporidium-specific antibody CRY104 labeled with fluorescein isothiocyanate (FITC; Biotech Frontiers, Sydney, Australia) and were enumerated by flow cytometry using a FACSCalibur flow cytometer (BD Biosciences, Sydney, Australia) (1).
Identification of Cryptosporidium species by PCR-RFLP analysis. Cryptosporidium species were identified by restriction fragment length polymorphism (RFLP) analysis of a diagnostic fragment of the 18S rRNA. The fragment was amplified using a previously described nested PCR (29) . The PCR mixtures contained 6 mM MgCl 2 , 200 M deoxynucleoside triphosphates (dNTPs), 200 nM each primer, and 1 U Red Hot Taq DNA polymerase (Thermo Scientific, Australia) with 2 l of DNA template for the primary reaction and 1 l of the primary PCR product for the secondary reaction. A total of 35 cycles, each consisting of 94°C for 45 s, 56°C for 45 s, and 72°C for 1 min, with an initial denaturation of 94°C for 3 min and a final extension step of 72°C for 7 min, were performed for both primary and secondary reactions. THe PCR controls included a negative sample containing PCR water only and a positive sample containing C. parvum DNA. Reactions were run on Eppendorf Mastercycler personal instruments (Eppendorf, North Ryde, Australia). The amplicons were resolved by electrophoresis on 2% (wt/vol) agarose gel containing Sybr Safe (Invitrogen, Mulgrave, Australia) and visualized under UV light. Secondary products of the correct size (832 to 835 bp depending on species) were purified using the QIAquick PCR purification kit (Qiagen, Melbourne, Australia) following the manufacturer's instructions.
RFLP analysis of the 18S rRNA amplicon was performed using a previously described protocol with the restriction enzyme VspI (10 units/l; New England BioLabs) (29) . Digested fragments were resolved on 3.5% (wt/vol) agarose gels at 100 V for 50 min. The RFLP patterns were visualized under UV light after prestaining with Sybr Safe according to the manufacturer's instructions.
Identification of Cryptosporidium subtype families and subtypes. A previously described nested PCR targeting the hypervariable gp60 gene was performed to identify Cryptosporidium subtype families and subtypes (27) . The PCR mixtures contained 4 mM MgCl 2 , 200 nM dNTPs, 200 nM each forward and reverse primer, and 1 U of Red Hot Taq polymerase with 2 l of DNA template for the primary reaction and 1 l of the primary PCR product for the secondary reaction. The reaction conditions comprised an initial denaturation at 94°C for 3 min followed by 35 cycles of 94°C for 45 s, 58°C for 45 s, and 72°C for 1 min 30 s, with a final extension at 72°C for 7 min. The amplicons were separated on 2% (wt/vol) agarose gel containing Sybr safe and were visualized under UV light. Reaction mixtures containing the correct size fragment (ϳ1,000 bp) were purified as described above and sequenced using an ABI 3130xl genetic analyzer (Applied Biosystems, Foster City, CA) with a BigDye Terminator kit (Applied Biosystems).
Nucleotide sequences were analyzed using Geneious version 4.8.2 (Biomatters Ltd., Auckland, New Zealand). Isolates were assigned a subtype according to the nomenclature system described by Sulaiman et al. (24) .
Patient data and spatial analysis. Patient information, such as age, gender, and residential postal code, was obtained for each sample from New South Wales Health. To examine the spatial distribution of the outbreak, the numbers of patients infected with the various Cryptosporidium subtypes were mapped. Analysis of the distribution of the outbreak over the 4-month period was achieved by using the pathology sample date. Samples were divided into their respective months and mapped with their corresponding postal code. Geographical mapping was completed using Esri ArcGIS A chi-squared statistical analysis was performed on the relative numbers of males and females, as well as the various age groups, affected throughout the outbreak.
Nucleotide sequence accession numbers. The gp60 sequences generated from this study were submitted to GenBank under accession numbers JF727750 to JF727762.
RESULTS
Cryptosporidium species and subtypes and parasite enumeration. Positive results for PCR of the 18S rRNA were obtained for 521/589 (88%) isolates. RFLP analysis showed that 502/521 (96%) patients were infected with C. hominis and 19/521 (4%) were infected with C. parvum.
Amplification of gp60 was successful for 473/521 (91%) isolates typed by 18S rRNA ( The number of oocysts/g in feces was determined using flow cytometry. The patients infected with C. hominis were shedding higher numbers of parasites than those infected with C. parvum. The oocyst counts ranged from 10 2 to 10 7 /g in cases identified as shedding C. hominis and from 10 2 to 10 6 oocysts/g in C. parvum cases ( Table 1 ). The majority of cases identified as C. hominis infections were shedding parasite numbers between 10 5 and 10 6 , with an additional 73 patients shedding 10 7 or more oocysts (Table 1) . Seventy-two of these cases were infected with the C. hominis IbA10G2 subtype. In contrast, the majority of C. parvum-infected patients were shedding parasite numbers of between 10 3 and 10 4 oocysts/g of feces. Age and gender of patients infected with C. hominis IbA10G2. Information on patient age and gender were obtained for 387/521 (74%) samples. No gender bias was observed in outbreak cases (chi square ϭ 0.26, df ϭ 1, P ϭ 0.61). The number of cases was 199/387 (51%) for females and 188/ 387 (49%) for males (Fig. 1) . A bias in susceptibility by age was identified, with the 0-to 4-year year age category being the most commonly affected group for both males (chi square ϭ 579.66, df ϭ 1, P Ͻ Ͻ 0.01) and females (chi square ϭ 468.79, df ϭ 1, P Ͻ Ͻ 0.01). Of all cases, 88/199 (44%) female patients and 98/188 (52%) male patients were in the 0-to 4-year age group. Combined, the 0-to 4-year age category comprised 186/387 (48%) C. hominis IbA10G2 infections. Infections were also high for both genders in the 5-to 9-, 30-to 34-, and 35-to 39-year age groups. In the 0-to 4-and 5-to 9-year age groups, males were more affected than females. Females had a higher incidence than males in the 30-to 34-and 35-to 39-year age groups.
Spatial distribution. The postal codes for the locations from which isolates originated were obtained for 367/473 (78%) of the isolates successfully typed at the gp60 gene. Analysis of the New South Wales statewide map for the entire outbreak period (January to April 2009) showed a disease cluster centered in Sydney, with extensions 200 km north toward Newcastle (Fig. 2) . Isolated clusters in two coastal communities north of Sydney, Port Macquarie and Coffs Harbor, were also observed, along with a cluster centered within the Orana rural community 400 km northwest of Sydney. An analysis of the greater Sydney region shows that the disease was widespread and not localized to any particular suburban area. However, clusters were seen through the inner west and northern suburbs of Sydney (Fig. 2) .
The spatiotemporal analysis depicts a monthly view of the spread of Cryptosporidium infections throughout the state during the January-to-April period (Fig. 3) . In following the C. hominis IbA10G2 subtype (shown in white), analysis of the January infections showed that there were three disease clusters centered around the Sydney-to-Newcastle region, Port Macquarie, and Coffs Harbor. At this time, infections had not spread inland toward the rural areas. Infections peaked in February; the Sydney-to-Newcastle cluster increased, and the appearance of clusters in the rural areas northwest of Sydney occurred. The Port Macquarie incidence remained constant, while the third cluster previously present in Coffs Harbor had disappeared. By March, the outbreak was contracting back toward Sydney and Newcastle, with rural areas becoming less impacted. Decreased numbers of infections occurred in April, and the clusters dissipated, becoming centralized around the cities of Sydney and Newcastle. The remaining C. hominis subtypes (Fig. 3, shown in black) were located throughout the heavily populated urbanized regions of Sydney and Newcastle. Cryptosporidium parvum infections (shown in gray) were recorded sporadically in both urban and rural areas.
DISCUSSION
A survey of global EID events indicated the east coast of Australia to be an emerging disease hot spot (15) . Targeted surveillance and screening for potential disease outbreaks in hot spot zones is essential for the identification and protection on October 15, 2017 by guest http://aem.asm.org/ of population groups most at risk of disease. New South Wales, Australia, has experienced six waterborne cryptosporidiosis outbreaks that have been linked to public swimming pools (2, 16, 17, 21, 23) . This study analyzed the recent 2009 outbreak, which is the largest reported outbreak to date in Australia. A molecular and spatially based approach was applied to investigate the Cryptosporidium species and subtype responsible for this outbreak and to identify the population groups most affected. One-third of the 22 million Australian residents live within New South Wales, making this state the most populated region in Australia. Within New South Wales, 63% of the population lives in the state's capital, Sydney. A growing city, Sydney encompasses both urban and rural localities and has a population of 4.6 million (2009 census data, Australian Bureau of Statistics [ABS], www.abs.gov.au). Newcastle is the second largest city within New South Wales, and similar to Sydney, it is a metropolis comprised of urban and rural areas and has a current population of 354,054 (ABS). Spatial analysis performed on isolates obtained during the outbreak period showed that the highest incidence of cryptosporidiosis was in the cities of Sydney and Newcastle. The higher incidence in these areas was likely associated with the higher population densities; this must be taken into consideration when interpreting the data. Although infections in Sydney were widespread, the densely populated inner west and northwest area were the most affected throughout the outbreak. Temporal analysis showed that the outbreak originated in the urban cities and expanded inland to the rural areas of New South Wales. These results are consistent with previous studies in that C. hominis infections are more common in urbanized city regions due to high population densities that provide stable anthroponotic transmission pathways (28, 30) . Isolated clusters of C. hominis IbA10G2 infections in northern New South Wales were visualized in the early stage of the outbreak. With C. hominis IbA10G2 as the dominant parasite causing human cryptosporidiosis in New South Wales, it remains unclear whether these cases should be attributed to sporadic infections or if they were part of a separate outbreak.
The outbreak was caused by the anthroponotic C. hominis IbA10G2 subtype, which was identified in 95% of the disease cases. This subtype has a global distribution, and 44.5% of global human Cryptosporidium infections that have been studied to the subtype level have been attributed to it (13, 14, 20, 27) . The C. hominis IbA10G2 subtype is also the most common cause of sporadic human infections in Australia (13, 14, 20, 27) and has been the agent responsible for large waterborne cryptosporidiosis outbreaks in the United States, Northern Ireland, and France (7, 11, 31 (5) . The fecal samples analyzed in this study would have been obtained at various points in the respective infections, and hence, a range of numbers of oocysts being shed would be expected. The increasing incidence of cryptosporidiosis in Australia indicates that this is an emerging disease. To reduce the risks of human illness, the implementation of Cryptosporidium-specific pool water treatments and monitoring systems is required. At this stage, these technologies are not available, and increased public education is the current resource that is important to preventing future cryptosporidiosis outbreaks. Based on the dominance, persistence, distribution, and virulence of the IbA10G2 subtype in human populations and its association with waterborne outbreaks, this subtype should be considered a significant threat to global human health.
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